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The electron reflection amplitude R at stacking-fault (SF) induced fractional steps is determined
for Ag(111) surface states using a low temperature scanning tunneling microscope. Unexpectedly,
R remains as high as 0.6 ∼ 0.8 as energy increases from 0 to 0.5 eV, which is in clear contrast
to its rapidly decreasing behavior for monatomic (MA) steps [L. Bu¨rgi et al., Phys. Rev. Lett.
81, 5370 (1998)]. Tight-binding calculations based on ab-initio derived band structures confirm
the experimental finding. Furthermore, the phase shifts at descending SF steps are found to be
systematically larger than counterparts for ascending steps by ≈ 0.4pi. These results indicate that
the subsurface SF plane significantly contributes to the reflection of surface states.
PACS numbers: 73.20.At,73.22.Dj,73.61.At
The Shockley surface states on a noble metal exemplify
an ideal two-dimensional (2D) electron system, which
works as a basis for demonstrating and utilizing quan-
tum natures of electrons [1–3]. To realize quantum con-
finement of surface states, monatomic (MA) steps [4–8],
artificially manipulated atoms [9, 10], and self-assembled
molecules [11] have successfully been used. However, the
lifetimes of resultant quantized states are rather short es-
pecially at high energies, because of lossy scattering at
the boundary caused by low reflection amplitude [6, 12–
15]. This may pose a fundamental limitation on the usage
of these quantum structures. Although the reflection at
the boundary may be enhanced by multiplying poten-
tial barriers [16], a search for a new form of confinement
is highly desirable. Recently, stacking-fault (SF) defects
have been found to substantially modify surface and bulk
electronic states of Ag thin films [17–20]. Nevertheless,
basic properties concerning the reflection of surface states
by a SF-induced step have so far remained elusive.
In this Letter, we determine the reflection amplitude R
at SF steps for Ag(111) surface states using a low temper-
ature scanning tunneling microscope (STM). R retains
high values of 0.6 ∼ 0.8 as energy increases from 0 to
0.5 eV, which is in striking contrast to the rapid decrease
in R for MA steps reported in Ref. [6]. Tight-binding
calculations based on ab-initio derived band structures
confirm the experimental finding. The results demon-
strate that SF steps offer a better method for realizing
a strong quantum confinement on metal surfaces than
MA steps. The phase shifts at descending and ascend-
ing SF steps are also determined for the same energy
region, the former being systematically larger than the
latter by ≈ 0.4pi. The possibility of significant scatter-
ing of the surface state by the subsurface SF plane is
proposed based on these measurements.
The experiments were performed in an ultrahigh vac-
uum system equipped with a low temperature STM. To
determine the reflection amplitude and the phase shift,
sufficiently long and straight SF steps are needed. For
this aim, Si(111)4×1-In surfaces (referred to as In4×1)
were used as one-dimensional (1D) atomic-scale geomet-
ric templates [17, 18, 21]. Ag films about 20 monolayers
(ML) in thickness were grown on In4×1 around 100 K fol-
lowed by a natural annealing to room temperature. This
results in penetration of high-density SF planes into the
film, which are terminated by ’fractional’ steps with a
height of 0.078 nm (equivalent to 1/3 of the MA step
height) [21]. Figure 1 (a)(b) show a typical STM image
of a Ag(111) film with SF step arrays and a tilt-corrected
height profile taken along the dashed line (z: height, x:
lateral distance). Judging from their step heights, the
steps are indeed of SF origin. In the present study, par-
tially ordered In4×1 surfaces were used as substrates.
This allows us to fabricate various nanostructures such
as triangles and hexagons with different dimensions and
to observe surface standing waves on them. All STM
measurements were performed below 8 K. Sample bias
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FIG. 1: (Color online) (a) Typical topographic STM image of
a Ag(111) film with SF induced fractional steps (V = +1.0V).
Inset: schematic of the atomic structure of a Ag(111) film
with a SF defect. (b) Tilt-corrected height profile taken along
the dashed line in (a) (z: height, x: lateral distance).
2voltages V were measured relative to the tip. Differ-
ential conductance (dI/dV ) spectra were acquired by
standard lock-in ac detection at a constant tip height
while dI/dV images were taken in the constant current
mode. Theoretical calculations of reflection amplitudes
were performed using a tight-binding method, where the
tight-binding parameters were determined to reproduce
a band structure of a Ag(111) thin film obtained by a
density-functional method. Details of calculation meth-
ods have been described in Ref. [20]. In the present paper
we used a slab of ten layers, which is sufficient to discuss
the surface state. To be compared with experimental
results, reflection probability was averaged over the 1D
Brillouin zone in the direction parallel to the step line.
Figure 2(a) shows a representative topographic image
of a triangular island bounded by SF steps obtained at
V = −2 V. Topographic height z measured at such a high
negative voltage should closely follows the actual mor-
phology, since the spectra of the occupied states were
found to be nearly featureless. The dashed lines in-
dicate the position of the SF steps, which were deter-
mined from the steepest slope in topographic height [22].
The straight SF lines and the three-fold symmetry im-
posed by the substrate lead to an ideally shaped equilat-
eral triangle where the quantum confinement of surface
states is expected [23]. The presence of quantized states
in the island and their evolution with increasing energy
are demonstrated by dI/dV images in Fig. 2(b)-(d) ((b)
V = +0.09 V (c) V = +0.26 V (d) V = +0.50 V).
Here dI/dV signal was normalized to recover a quantity
proportional to the surface density of states ρ at a fixed
height, according to the recipe prescribed by Li et al.
[22]. Referential topographic height needed for the nor-
malization was obtained from Fig. 2(a). Figures 2(e)-(g)
show simulated dI/dV images based on the analytical
solutions for an equilateral triangle with perfect confine-
ment [24]. The excellent agreement between the experi-
mental and simulated images demonstrates that such SF
triangles are ideal electron resonators and can be utilized
to investigate the intrinsic properties of the quantum con-
finement [25].
Reflection amplitudes at SF steps were determined by
measuring the energy widths of quantized states in tri-
angle resonators. This is based on the fact that electron
lifetime τ , relating to the energy width Γ through an
equation τ = ~/Γ, is limited by incomplete reflection at
the boundary [10, 14, 15]. Figure 2(h) shows a repre-
sentative dI/dV spectrum (red dots) taken on a triangle
island bounded by descending SF (side length d = 4.83
nm). Three sharp peaks corresponds to quantized states
located at E = 0.11, 0.26, 0.48 eV. The spectrum was
fitted using multiple Lorentzian functions to obtain the
full width at half maximum Γ of each peak. For ex-
ample, the peak width at E = 0.48 eV was determined
to be Γ = 110 meV. Similar experiments were also per-
formed on resonators bounded by MA steps for compar-
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FIG. 2: (Color) (a) Topographic STM image of a SF bounded
equilateral triangle island. (b)-(d) Series of dI/dV images
taken on the triangle island in (a). (e)-(g) Simulated
dI/dV images for the same triangle island. The dashed
lines indicate the positions of the steps. (h)(i) Red dots:
dI/dV spectra taken on (h) a SF bounded equilateral tri-
angle island and (i) a MA step bounded hexagonal island.
Blue lines: fitting results using multiple Lorentzian functions.
Green lines: components of the Lorentzian functions. Inset:
STM images and their schematic illustrations of the islands.
(j) Reflection amplitudes R at SF steps (red circles) and MA
steps (blue circles) as a function of energy E. The solid and
dashed lines show tight-binding calculations for SF steps (red)
and for MA steps (blue). See the text for details.
ison. In this case, hexagons were chosen since they are
commonly observed due to the six-hold symmetry of the
Ag(111) surface. Figure 2(i) shows a dI/dV spectrum
(red dots) taken on a hexagonal island bounded by MA
steps (d = 1.80 nm), which is similar in size as the trian-
gle island. Although three peaks are likewise visible, they
are obviously broader than those in Fig. 2(h). The same
fitting analysis using multiple Lorentzians gives Γ = 276
meV for E = 0.43 eV, being much larger than that of the
SF triangle. This indicates that the reflection amplitude
is higher for SF steps than for MA steps.
3Reflection amplitude R was deduced from the peak
width Γ as follows. First, a theoretical intrinsic energy
width due to electron-electron and electron-phonon scat-
tering (5 − 18 meV for E = 0.1 − 0.8 eV) [26] was
subtracted from Γ to obtain the contribution from the
boundary reflection ΓR. Then R is calculated through
the following equation:
ΓR = −
~
2
m∗
√
2m∗E
~2
ln |R|
S
, (1)
where m∗ = 0.4m0 is the effective mass for Ag(111) sur-
face states and S is the radius of the largest enclosed
circle within the resonator (see the inset of Figs. 2(h)(i))
[14, 15, 27]. The results are summarized in Fig. 2(j) for
SF steps (red circles) and MA steps (blue circles). The
closed and open circles represent data for descending and
ascending steps, respectively. R at MA steps rapidly de-
creases from about 0.7 to 0.2 − 0.3 as E increases from
0 to 0.4 eV, consistent with Ref. [6]. In clear contrast,
R for SF steps maintains high values around 0.6 − 0.8
at least up to 0.5 eV. Our tight-binding calculations of
reflection amplitude performed for both types of steps
confirmed this finding. Red and blue lines in Fig. 2(j)
show R calculated for SF and MA step, respectively, the
former being clearly higher than the latter (solid line:
descending steps, dotted line: ascending steps). Interest-
ingly, the result is against an intuitive expectation that
a lower step height should result in a weaker electron
reflection.
To gain insight into this anomaly, we further investi-
gated the phase shifts of electron reflection at SF steps.
The phase shift of an electron wave at a step can be ob-
tained by analyzing the standing wave pattern formed on
a terrace. For a precise measurement, the step position
was determined from the steepest slope in z as described
above. To avoid errors in z and dI/dV at a step due to a
limited feedback response, scanning was performed along
the step direction and at a low speed (≈ 5 nm/s). The
image was carefully monitored for a possible lateral drift
and was corrected to cancel it if needed.
Figure 3(a) shows a dI/dV image of a standing wave
on a terrace bounded by descending (left) and ascending
(right) steps (V = +0.35 V), the positions of which are
indicated by the dashed lines. The dI/dV signal was nor-
malized as described above and averaged along the step
direction (Fig. 3 (b), closed circles). The graph covers
the area between the two parallel steps. The asymme-
try of dI/dV(x) with respect to the center of the ab-
scissa indicates different reflection behaviors at the two
steps. The phase shift at each steps were obtained using
a Fabry-Pe´rot resonator model given by Bu¨rgi et al [6].
Here the ratio of bulk to surface density of states of 0.3
was experimentally determined. To reduce the number
of parameters, we let the two phase shifts φdes and φasc
to be independent and used an averaged reflection ampli-
tude R for both steps. The phase shifts determined from
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FIG. 3: (Color online) (a)dI/dV images of surface state stand-
ing waves observed on a Ag(111) terrace caused by parallel
SF steps (V = +0.35V). The dashed lines indicate the posi-
tions of the steps. (b) Closed circles: normalized dI/dV signal
deduced from the dI/dV image in (a). Solid and dashed lines:
fitting results using the Fabry-Pe´rot model [6]. (c) Phase
shifts as a function of electron energy E at descending and
ascending SF steps with an estimated error bar.
the fitting are φdes = −0.45pi and φasc = −1.0pi while
a reflection amplitude of R ≈ 0.66 was obtained. Note
that R determined here is consistent with the previous
result (Fig. 2(j)). Figure 3(b) displays dI/dV(x) calcu-
lated with the above phase shifts (solid line) and that
with φdes = φasc = −1.0pi (dashed line). The failure of
the latter shows a clear deviation of φdes from −pi.
We repeated the same experiments while changing
the electron energy E(= eV ). Standing wave patterns
formed by single SF steps were also analyzed to obtain
phase shifts [2, 22]. The results are summarized in Fig.
2(c). The phase shifts for descending steps φdes are lo-
cated between −0.8pi ∼ −0.2pi, slowly increasing as E
increases. These values are systematically larger than
the phase shifts at ascending steps φasc by ≈ 0.4pi, which
are located between −1.1pi ∼ −0.6pi. Note that this dif-
ference cannot be explained by a shift in apparent step
position due to a finite tip radius [14] because this would
result in the opposite trend. Generally, a large phase shift
means that the wavefunction of electron is attracted to-
ward the potential barrier. This is very unlikely here be-
cause descending and ascending electrons should see the
same potential barrier at SF steps, although the presence
of scattering to bulk states may complicate the situation.
The large the reflection amplitude and the phase shift
relation for SF steps revealed so far can be attributed
to the subsurface structures of the steps. We note that
Shockley surface states on a noble metal generally extend
over several atomic layers from the surface [1]. They ex-
tend more into the bulk region as the energy increases
from the band bottom and finally enter the surface res-
onance region. Considering that a MA step is a surface-
localized defect and retains the bulk periodicity below the
4surface, its reflection amplitude will descrease rapidly in
this energy region [28]. In contrast, a SF studied here,
created by the substrate template, should penetrate to
the bottom of the film. The subsurface defect of a SF
step may strongly reflect surface states even if they ex-
tend deep into the bulk region at high energies. This is
plausible because strong anisotropic modulation of bulk
electronic states of Ag films by periodic SF planes has
been found experimentally [17, 18] and theoretically [20].
The relation between the phase shifts at descending and
ascending steps, φdes > φasc, supports such an interpre-
tation. The subsurface part of the SF plane extends to-
wards the lower side of the step (see the inset of Fig.
1 (a)). If surface states are reflected strongly by the
subsurface SF, the effective potential barrier should be
shifted in the descending direction, which will result in
the observed relation φdes > φasc.
In summary, we have demonstrated high reflection am-
plitudes at SF steps around 0.6 ∼ 0.8 for E = 0 ∼ 0.5 eV,
unexpectedly higher than those for MA steps. The rela-
tion between the phase shifts at descending and ascend-
ing SF steps φdes > φasc was also clarified, which points
to the significant scattering by the subsurface SF plane.
The present result offers a promising route for effective
electron confinement and fabrication of various quantum
structures on metal surfaces. By increasing the size of
a resonator and thereby reducing the effect of the lossy
scattering, for example, the intrinsic lifetime of electrons
could be determined more accurately [15, 16].
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